Tunable frequency is highly sought-after task of researcher, because of the potential for applications in selecting frequency, absorber, imaging and biomedical diagnosis. Here, we report the original observation of thermal frequency shift of dielectric relaxation in La/Nd doped BiFeO 3 (BFO) in X-band from 300 to 673 K. It exhibits an unexpected result: the relaxation shifts to lower frequency with increasing temperature. The relaxation maximally shifts about a quarter of X-band. The nonlinear term of lattice vibration plays an important role in the frequency shift. The frequency shift leads to tuning microwave absorption, which almost covers the whole X-band by changing temperature. Meanwhile, the great increase of dielectric loss of La/Nd doped BFO due to thermal excited electron hopping enhances microwave absorption above ~460 and ~480 K, respectively. The microwave absorption of La/Nd doped BFO surpasses −20 dB at 673 K, and the minimum reflection loss of La doped BFO reaches −39 dB. These results open a new pathway to develop BFO-based materials in electromagnetic functional materials and devices for tunable frequency, stealth and thermal imaging at long wavelength.
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Technological tuning frequency has long been sought in absorbers applied in a variety of fields [1] [2] [3] . Typical strategies for tuning frequency are activating arrays and designing special configuration in composites. For instance, metamaterials have acquired frequency tunability by micromachined reconfiguration 4 , or by incorporating active components [5] [6] [7] . Nano-materials have carried out frequency tenability by controlling dimensions of nanoparticles and stacking nanosheets with different intersectional angles 8, 9 . However, for common bulk absorbers, although high-efficiency and broad frequency have been achieved by various technologies [10] [11] [12] [13] [14] [15] , tuning frequency is still got through the only way, changing the thickness of the absorber layer 16 . The way is very discommodious for the absorbers to tune frequency in practical applications. Even the thickness to meeting the particular frequency can exceed the thickness limit of absorber layer. Tuning frequency of the absorbers by an easy and feasible way, therefore, is still highly challenging. It is quite necessary to search for a new absorber, which possesses sensitive frequency response to external stimulation, such as light, electricity, magnetism or temperature.
BiFeO 3 (BFO) is a fascinating multifunctional material with unique physical properties [17] [18] [19] . Moreover, the dielectric of BFO and doped BFO exhibits featured frequency response in microwave field due to its distorted structure and defect 20 . The amount of doping also has effect on dielectric properties. These are beneficial to tuning microwave absorption of BFO. In this work, we focus on the dielectric and microwave absorption properties La/Nd doped BFO with doping amount of 0.2, which possess more excellent microwave absorption than that of other doping amounts. The frequency shift of relaxation and the tunability of microwave absorption at elevated temperature are investigated.
Results and Discussion
The dielectric properties were measured in microwave frequency range (X-band, 8.2-12.4 GHz) from 300 to 673 K by the high-temperature waveguide test apparatus. The real and imaginary permittivity versus frequency at elevated temperature is shown in Fig. 1 . The real permittivity of BFO and La/Nd doped BFO in this study decreases with increasing frequency, and increases with increasing temperature, demonstrating dispersion response over the full X-band and strong temperature dependence. The relaxation peaks are found in imaginary permittivity of all samples, which exhibit dielectric relaxation behavior. The imaginary permittivity increases with Scientific RepoRts | 6:24837 | DOI: 10.1038/srep24837 increasing temperature for all samples. BFO exhibits a slow growth over the investigated temperature, while La/Nd doped BFO have an abrupt rise at ~460 and ~480 K, respectively (Fig. S1 ).
The imaginary permittivity consists of conduction part (ε c ") and polarization part (ε p "). According to the conductivity (Fig. S2) , the frequency dependence of ε c " is acquired (Fig. S3) . The ε c " of La/Nd doped BFO is bigger than that of BFO due to the abrupt rise of the conductivity above ~460 and ~480 K, respectively (Fig. S2 ). The electron hopping plays an important part in the great increase of conductivity 21, 22 . The ε p " of all samples versus frequency from 300 to 673 K are shown in Fig. 2 . After subtracting ε c " from imaginary permittivity, the dielectric relaxation is obviously observed in the ε p " of all samples. It is noted that two relaxations (relaxation A and relaxation B) appear in BFO, which are located respectively at ~9.6 GHz and ~11.8 GHz, hardly shift with increasing temperature. For La/Nd doped BFO, however, only one relaxation appears in the frequency range, and shifts to low frequency with increasing temperature (the whole data in Fig. S4 ). The relaxation of La doped BFO shifts 1.1 GHz and the relaxation of Nd doped BFO shifts 0.2 GHz (inset in Fig. 3b,c) .
Figure 3a-c. show the structure of BFO and La/Nd doped BFO in a pseudocubic crystal plane (001) p . The X-ray diffraction (XRD) and transmission electron microscopy (TEM) show that BFO is single phase perovskite with rhombohedral structure, while La doped BFO and Nd doped BFO possess pseudotetragonal structure 23 and the PbZrO 3 -like structure 24 , respectively ( Fig. S5 and S6 ). The structural evolution is attributed to the substitution of La/Nd for Bi, which weakens the hybridization of Bi 6s and O 2p orbits, leading to the decrease of the distortion of BFO (Fig. S7 ) 17 . Figure 3d -f show the difference charge density corresponding to (011) p . For BFO, the charge asymmetric distributions appear in Bi sites and Fe sites adjacently to oxygen vacancy (V O ). For La/Nd doped BFO, the charge asymmetric distributions only appear in Bi ion sites. The charge asymmetric distributions Bi sites and Fe sites in BFO are respectively caused by the lone pair of Bi ion and V O , which form intrinsic dipole and defect dipole. The X-ray photoelectron spectroscopy (XPS) shows the V O concentration of La/Nd doped BFO is much less than that of BFO (Fig. S8) . Thus La/Nd doped BFO only possess intrinsic dipole in Bi sites. Therefore, it is believed that the relaxation A and relaxation B in BFO are induced by the intrinsic dipole polarization and defect dipole polarization, respectively. The relaxation in La/Nd doped BFO is induced by intrinsic dipole polarization only. With increasing temperature, the two relaxations of BFO hardly shift, while the relaxation of La/Nd doped BFO shifts to low frequency. Actually, the relaxation behavior is related to lattice vibration energy at elevated temperature. In brief, lattice vibration energy is related to temperature, including zero-point energy, linear term and nonlinear term. Based on the calculated results (Tab. S1), for BFO, the lattice vibration energy is just dominated by linear term, thus the relaxation time is independent on temperature ( Fig. S9 ) and the relaxations hardly shift. For La/Nd doped BFO, the nonlinear term is bigger than that of BFO. The nonlinear term depends on temperature. The relaxation time increases with increasing temperature, thus the relaxation shifts to low frequency.
La/Nd doping gives rise to increase of imaginary permittivity and shift of the relaxation at elevated temperature which provide potential application for La/Nd doped BFO in microwave absorption. The microwave absorption of all samples is evaluated based on the complex permittivity. The reflection loss (RL) at a given frequency and layer thickness can be calculated as:
Here the normalized input impedance Z in of the electromagnetic attenuation layer is given by: shift of the relaxation by varying the temperature. With increasing temperature, the RL of all samples increases. Compared with BFO, La/Nd doped BFO possesses stronger microwave absorption at high temperature. The minimum (Min.) RL of La doped BFO reaches −39 dB at 673 K, which is 2 times higher than that of BFO (Fig. 4d) . The Min. RL of Nd doped BFO surpasses −20 dB at 673 K (Fig. 4e) . The increase of microwave absorption for La/Nd doped BFO at high temperature is attributed to the increase of imaginary permittivity. It is found that the ε c " increases respectively above ~460 and ~480 K due to the increase of hopping conduction, which plays an important role in the increase of imaginary permittivity (Fig. S10) . Therefore, the ability of varying temperature to tune absorption frequency and enhanced microwave absorption indicate that La/Nd doped BFO may be high-efficiency and smart absorber. In summary, the dielectric and microwave absorption properties of BFO and La/Nd doped BFO at 300-673 K are investigated. La/Nd doped BFO demonstrate that the relaxation shifts to low frequencies by thermal driving at elevated temperature, which is closely related to lattice vibration energy. The imaginary permittivity of La/Nd doped BFO greatly increases above ~460 and ~480 K due to the increase of electron hopping. The shift of relaxation and increase of imaginary permittivity enhance the ability of tuning absorption frequency and intensity. The absorption peak of La doped BFO and Nd doped BFO respectively shifts ~3.2 GHz and ~2.8 GHz, which increases by 100% and 75% compared with that of BFO. The Min. RL of La/Nd doped BFO surpasses −20 dB at 673 K, where the Min. RL of La doped BFO reaches −39 dB, 2 times higher than that of BFO. This work highlights the application of BFO-based materials as smart absorber in microwave fields.
Methods
Experimental details. Sol metal nitrates was added to the solution, followed by polyethylene glycol as a dispersant. The mixture was stirred for 30 min at 50 °C to obtain the sol, and then it was kept at 80 °C for 48 h to form the dried gel. The dried gel was calcined at 300 °C. The calcined powders were sintered at 500 °C for 2 h, and then cooled rapidly to room temperature.
The structure of the samples was collected using X-ray power diffraction (XRD, Ni-filtered Cu K α radiation, 40 kV). Rietveld refinement of the XRD patterns was performed by using the FullProf Program. The diffraction profile was modeled by the Thompson-Cox-Hastings pseudo-Voigt function. The morphologies and microstructure were determined by transmission electron microscopy (TEM, JEOL-2100, Japan). Raman spectra were obtained using Raman spectromater (HORIBA, Jobin Yvon HR800). XPS spectra were measured on a PHI Quantera system with a C60 ion gun. The DC conductivity measurements of the samples (with painted silver electrodes) were carried out using an Keithley 2401A-6517B multi-meter. The complex permittivity was measured on an Anritsu 37269D vector network analyzer by the waveguide method in X-band from 300 to 673 K, where the samples were pressed into pellets with dimensions of 23.10 mm × 10.30 mm × 2.20 mm and then annealed at 500 °C for 30 min.
First-principles calculations. The calculations on difference charge density were performed using the CASTEP program code based on the first-principles plane-wave pseudo-potential method. The generalized gradient approximation (GGA) was adopted along with the exchange-correlation function realized by Perdow-Burke-Emzerhof (PBE). The plane wave cutoff energy of 500 eV, the convergence criteria for energy of 2 × 10 −5 eV, SCF tolerance of 2 × 10 −6 eV and 2 × 2 × 2 K-point Monkhorst-Pack grid were applied to guarantee a well-converged structure under study. A 2a × 2b × c supercell of BiFeO 3 was adopted for all the calculations.
